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AAs 93-567

DESIGN OF TIIE GALILEO SATELLITE TOUR

In May of 1992, a satellite tour tr:ijectoly  for the Ckilileo  IIIission was
clioscn frc)ln a set c)f candidate tolll S. I’tm  design of t}lese cancliclak tc)uxs
and the selection of the tour dcscribccl  iII tl]is ]m~m u’cre t}le result of aII
ir]tensiw  8-month effort. Cc)nmpts, stt:itcgies, ancl tec}lniclucs  cle -
vclc)pccl iII tlIc 1970s aIIcl 1980s,  which Mre Ie USCCI  ill clcsigning the satel-
lite tour fc)r the 1986  lau])ch  c)l)por(~lrlity  (pxic)r  to the Challenger acci-
C] CIII), WCXC eI111)]C)J7CCl aIICl  I? XtCll CIC’Ci  fC)r l}liS CffC)I-t. Scm]e new tcchnicples
hacl to bc clcwlopecl  cll]linc the cc)l]rse  of tl]is effc)rt to rcsponcl  tc) chan~es
in ]nissic)n  constraints aI)cl scicl]cw  })rioritics  II Iacle  sir]c-e  the Cjalileo
spacccyaft  was laIIIlr}Iecl  in 1989.

INTRODUC’lION

‘1’}Ic!  Galileo Illissic)n  is tllc fil”st lnissioll  tc) USC!  an atmospheric pmbc  allcl an or-
bitixlc  spacxrl”aft  to peI’fo)  nl an illtc.~]sivc!  invc!stigatic)ll  of Jupitcr, its cnvimnmcnt, arid
its Galilean  satcl]ites (10, I’;tll-opa, GaIiylnCde,  and Callisto). See re.fcmnces  1 ancl 2 for
cwcrall  clesmiptions  of the missic~n. l)rior  to aI rival at Jllpitcr,  the atlilosplleric  probe
separates frol”n  t}lc larger })ol-tic)li c)f tllc spacecraft, which SCWC!S as a Jupiter  ol’biler.
After its inscrlic)n  i~ltc) orbit abc)LIt J~lpitcr, the Ga]i]co  orbiter travc]s  ill a series of
~ligh]y  e]]iptical  orbits aboLlt JLlpitel”. ‘I-his series of orbits is rcferrcc]  to as the “satellite
tOLll’”. “J’})~  toL]]- coIltaiTls  tc]l CIC)SC  “targctccl”  flybys of t}lc Galileall  satellites. A targeted
flyby is onc  where the o] bitcr’s ir:~cctox-y  has been clmignccl  (0 IKISS tllrOLl@l  a spccificcl
aimpoint  (Iatitucle,  ]ongitucle,  ancl altitl~clc) at closest approac}l in orcler  to use the satel-
lite’s gravitational influence to prodtlce  a clesird  ciIan~e in the trajectory. }’rc-launch
cstilmtcs  of propellant ancl otllcr  coIIsIIImablc  rcsoL]rccs  set the numbu  of targeted fly-
bys ill t}le xloTniIKIl  toL]r.

Targeted flybys are capab]c of Illaking large cha)lgcs  in tile orbiter’s trajc.cto]y.
I<:ach targetd flyby is used  to target the oIbiter  to the next  flyby. At each satellite ell-
Coullter,  Cliffcrwt  aimpoints  exist that allow t]le orbiter to return to the same Sald]itc.
or to target  to a cliffe.rent satellite. ‘1’hc abunc]ancc of ailI”lpoints  at each satellite en-
Cc)llllter  makes possible a lal”~c Ilumber  c]f possib]c  toux”s,  each of w}lich  lnay satisfy
many of the science objectives in clifferc  Iit ways, Whi]e  it is possible to clesign  a tour to
S:itisfy  any single science requircmmlt,  it is clifficult  to clc’si~n  a single  tour which coIn-
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])] CtC.]y  fUlfi]]S  a]] the SCiCIICC lCqlliI”CI”llCIltS,  bCCallSC  thC tl-ajCCiOI-iCS  IICCCICC]  tO SatiSfy
diffcmnt  science rcquirmmnts  tcrlci to be clissimilar.

TOUI  design involves maximlziIIg  scicncc rctum in competing science areas
wllilc  satisfyjllg  lIlissioI1-iIll]  josed constraints. MLl]ti])]e  SCiC.IICC  OkIj C. CtiVCS  lllLISt  bC aC!-
complishcd at each flyby ancl on mch orbit to I naximize  science return. “1’hc strat egics
IISCX1 to achieve high science return while mmting constraints are examined here.
l’al’ilCU]al”  attCIltiOll  is ~Mid  tO IIICtllOdS  uSCC] tO I1lCC’t  Ch:lIl&S ill SCiCIICC  ]NiOI’itiCS  a n d
constraints which have been IIIacle SIIICC laLlnch.  The final tour selcctecl  by the Galileo
]Jroject is prcsentccl.

SCIENCE OBJECTIVES

The scientific investigations to bc pcrfonnecl  by the orbiter can be cliviclecl  into
tllrcx! arms:  invc!stlgations  of JLlpitCr  ant] its atlnosphc.re,  the fields and paI-ticlcs  in
J~lpit  cr’s lnagnc.tos])herc, aIId  the ~la Iilean satellites. Galileo scicncc I-equircnncmts
]Iavc ]Jrcviolls]y  been C]iscusscc] iIl detail  (I”cfcl”cllcrs  ~,~). A bliCf  rcwicw  is ]Jrcsc!ntc’d
llcrc.

Atmospheric Scicncc

Observaticms  of CICIUC1  features aIld other dyI]anlics in the Jovian atmosphere
can only be maclc  of sul]lit  podicms  c)f JLl])itcr ancl arc best  c]onc at great clistanccs in
order to vlcw the planet with the narrcnv angle caIIlrm. Othcr  atmosphm-ic  phcmomma
of lntcrcst,  SIIC}I as lightning, aIc best exanlincd  as ihc c)rbitcr  passes over JuI)iter’s UII  -
Iii siclc.

Ma@ctosphm-ic  Science

‘1’lle Inost  illlporiarlt  lll:lg~lctc)s]jllcric scicllcc I“e(llliIclIlcx-lts  arc to l)ass through
the Jovia~l  magnctotai]  at a distance of at least 150 }U (JLlpitcT  radii), aIld to pass
throLlgh  tl~c wake ancl Alfvml wing regions surl-ouncling  cacll satellite. The magnctotail
streams o~lt  fT-oIn Jupiter in a shape ro~lgllly  rcscmb]i?)g a windsock in the dircctio~i  op-
pcwite the sun$ “1’he  regic)n c)f gI-catest  scientific interest lies within 15 clc,g.  either side of
the anti-sun ]ine.  Satellite “wakes” arc! Cl”eatecl as clIargc!cl ]mrtic!]cs  trappccl  in Jupiter’s
xnagnetic  fielcl swcc.p by the satellites. ~J~lpitct-’s  t~~agnctic field rotates with Jupiter at a
rate faster than the rotation rates of tl~c satellites around Jupiter. Therefore, the wakes
strcaln out ~11 fl-ont  of c21ch  satcl]itc. Wake  ])asscs arc  achicvccl  with flybys Ilcar a satel-
lite’s equator over the satellite’s leading edge.  SLIch flybys rcciLlcc orbital period (SCC  also
tllc brief cliscLlssion  of gravitational assist below). An “Alfven wing” is a wave gener-
aterl in J~lpitm”’s lna,gnetic  field by ])lasma  III OVl IIg by a satellite, l’}Iis wave propagates
iII a region located approximately cwcr a satel]itc’s poles, tiltccl towarcl  the direction of
lnotion of t}le satellite. I’assages  thrc)llgh Alfven wing regions are achievecl by flying
nearly over a sate.llitc’s  pole. Such flybys clIEiIlgc inclination bLIt clo Ilot  appreciably
change  period.

Satellite Imaging

The goal givm the hig]lcst ~]~iority iII satellite imaging is to maximize tile nLm-
bcr of high -I”CSO]LltiOll  imapes  obtaiI1c!cJ  with tlIc SS1 (Solic]  State lnlaglng)  camera.
~overagc  at high reso]LltioIls can oIl]y bc obtained at ]OW altituc]cs C]uring tZiIgCiCC]  fly-
bys when passing over tile lit sicJc of a satellite. I]ccausc of tl)c narrow field of view of
the SS1 instrLmw.nt  ancl the slnall ~lL]]nbcr of flybys, it is possible to image only a s]nall
])oI-iioI~  of each satellite at high resolution.

MLICh larger pc)rliolis  of the satellites can be imagecl  at lower resolutions.
Maxllnizing  t}lc area ccwemcl at SS] rcscdutions  of 1 km or bctler  is a high ])riority  goal.
These rcsc)lLItions  arc ob[ail~cc]  at altit  Llclcs of 50,000 kln or less, which are  achieved



dO1”J~  t~lC! Ei~)plO~Ch ~lld dC~):ll’tlll°C  :Kylll~)t  OtCS Of tal~Ct Cd flybyS. of equal illl~)OI-hIICC  is
NIMS (Near Infrared  Mapl)ing  Spectromctw)  coveIaRc at 25 kln  resolution or better un-
der high-sun conditions (i.e. when the sun-viewed surface-orbiter angle is 60 deg. or less
and the s~lt~-s~lrfacc-zcIlitl~  aIlglc is 50 cleg. or Icss).  Tile. NIMS instrument Incmnlrcs the.
S~)CCtI”UIll  Of SUIl]i@lt rCflCCted  fI’0111  thC SUXfZICC  iIl O1dC.1”  tCI CiCtCrllliIIC  Sate]]itC  COIll~)OSi-
tloI1. Decausc of the lower resolving capability c)f the NIMS jr~strLlmcIlt,  the clistance  at
which NIMS coverage  is obtainecl  at 25 km resolution 1s the same al which SS1 covcragc
is obtained at 1 km resolution).

I’21ch  of the Gali]c!an  satc!l]ites  is in syIlch IolloIIs  rOtaiiOIl  with Jupiter; that is,
th~ salnc SalC]]ite  hCIlliSphCl”e a]w:Iys pOilltS tOWaI”d  ihc pkIIlet. ‘1’hercforc.  chanscs to
the  shape, size,  and orientation of the  orbitm”s  ol”bit  do not appreciably change the “real
estate” viewccl  along the approach OI clcpariurc asylnptotcs  to a flyby (see Figure 1).
Approaching an oLltboul”lcl  flyby (oxle  occurring after per~ove),  the regiol]  near O deg.
longitLlde  (facing Jupiter) is visible, ancl t}le region near 180 deg. longitude (facing away
from Jupiter) is visible wheIl depalting. “1’hc  reverse is true for an inbouncl  (pre-peri-
jovc) flyby: the rc~ion nmir  1 SO de& lo~lgitllcle  is visible alonfl the ap~moach  asyinptotc,
and t~le I“cgic)I”l  nc!ar O deg.  ]oIlgitlldc  is visible froIll the C]e])WtllI” C a.sylnptotc.  ~.ovc!rage
of both llemispllcres  of a satellite reqllircs  at least  two separate cncountcrs, onc ilI-
bC)UI”JCl  aIld OIIC OlltbOllTIC].

The areas visible l]c:ir closest ap~)roach  lie near the 90 or 270 dcg, longjtucle  re-
gions.  clcpcmding  011 whelher  the orbiter passes over the leading or trziili~ig eclge of the
satell ite. Small porlions  of these legions arc covcmcl  at high resol Lltions  cluring  tar-
ge.tccl  flybys, but  most of tlIc area in these lc)ngitlldc  rcgioIls  canncjt  be covered  c]uri~lg
targeted flybys because. t}lesc.  aleas c;in~mt bc. seen frolll  tllc asymptotes. ‘1’his give.s rise
to gaps in coverage IICZII-  tllc 90 and 2.70  dcR.  lclngitLlcle  regions. which unfol-lllnately  co-
iIIcidc  with regions IIc)t obscl-vecl  hy the Voyager Spacccrzift. I \c]tll tl}e Voyager ancl
Gali leo trajectories arc posigracle,  with  pcrijoves fal- bcmc:itli  tllc c~rbits  of Ganymecle
and (;allisto.
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It is ])ossiblc  to fill the covcragtc  ~aps I)y dC’SlgXlillg  satellite flybys W11OSC  Closest
approach altitudes arc  on the orclcr of tens of thousands of kJII.  At a closest approach
altitude of 50,000 km or ICSS, t}lc entire xc~ioxl  near 90 or 270 de~. loxlgituclc  CELI1  bc irn-
agcd  at 1 km SS1 rcsol~ltioIl:  at 100,000 krl] or ICSS,  the reglol~ can  bc imaged at 2! km rL?s-
O]lltiOIl, The effect of such flybys on the orbiter’s tr:~ectory  is small, cl~le  to the much
greater d is tance  at  Which the  flyby  Occlll”s. l’hese d is tant  f l ybys  are callecl
“l]c~Ilt2i  Igctccl”  flybys, bccmIIsc  their flyby ai~npolnts  need not bc t@tly contrc)llcci,  as is
tile case for targctcci  flybys. COVCI age of tllc  regions near both 90 and 270 deg.  longitudes
of a satellite rcclLlires  two separate mcoLlntcrs, OIle iIlbC)UIIC]  aIld OIIC OLltbOUIICi.
Nontargcteci  flybys provic]c  cxccllent oppol-tLlnities  to fLllfill  science rcclLlircInents  for
g]obal  iInaging of satcl]itcs. 1’”01” this rcasoll.  Calldiclatc  tollI”s S]1OLI1C] iIlclLl(lc  as InaIly
nc)ntal-gclccl  flybys as possible.

G3vcragc  c~f F;uro])a  was assigned the  }lighcst  ])riol ity by tllc Scicncc  tcanls, fol-
IL3wecl  by coverage of Ganymcclc, then ~al]isto. }’ar[icular  interest was exprcsscci by
science teanls  in toLIrs  containing twc) Ilcjntargctcd  flybys of 1’;llm~)a. A COIISCIISLIS
C1llC1gCd  that ZI tOLII”  With tVJO 1’;LII’O]K1  II OI”lttlI”gC’tC’C]  @b~S allC]  a IIOl”lt[ll”gCteC]  flyby  Of ei-
t}lcl” Gallymcclc or Gilllstcl WC) LI]C] bc acce])tab]c.

Radio Sclencc

Raclio s c i e n c e  cxpcIinlellts  sLIpport  a l l  three Inajor  scicncc areas
(IIIa~IIctos]))  Icrcs,  atlnos]~]lcrcs, and Sate] litcs).  \~heI:  tl)c! Ol”bitcr  passes bc]li~id  JLlpitCT
as viewed from E:ar[h. ra(lio signals frolll tile. c)rbitcr  arc not cut off. IIlsteacl,  the.y arc re. -
fmctcd by ihc clensc  Jovian atn~c~s]]lle]-c  o])  t}]cir way tc) P:art}l. l’olarizcd  l-adio signals
are  also influeI)ccci  by the lnag~]etic  fielcl of Jupi[er,  thI”oLlgh  a phcnomcIIon  called the
Faraday effect, llccaIIsc  a great clcal c)f infoII1latioIl  c)II t}lc atmc)sphem and magllelic
ficl(l may be g]cancci by analysis  of tllc refracted polalizccl signals, passes bc.hincl
Jupitcx al”e ciesircd  in t]lc toLlr. SIIch  passes arc callecl  occultations of 1’XI’1}1  by JLlpiter,
as vicwcci  frmn t}le orbiter. OccLlltations  of t}lc sLIIi by Ju])iter  as viewccl  flcml  the orbltcr
[i.e. ]XLssagcs throLlgh  JLlpitcI”’s s]laciow)  arc  a]so  C]csircd,  bccaLlse  they offeI”  an OppOI-LU-
nity to obsexvc  lightning aIIcl other atmosphe~ic ])} IcIIoIIlcIIa  best secm in tllc clark,

FOr  toLlrs associatcci with al”I-ivals  at JLl]jitcr ilI 1:195,  JLlpilCr’S  cqLlator  is vlcwed
IIcarly  c!dgc!-on  from RaI”lll:  tll Ils,  occLJltatic]l”ls  of F:aI’111  by JLlpitcr as vicwccl froIn  the
oI”bitcr arc achieved on many ol”bits withoLlt  the LISC of flybys 10 change orbital inclina-
tion.

C)ccL~ltations  of ll:art}l  by t}Ic Galilca II satellites as vknvccl from tlIc orbiter are
also clcsircd  in the tour, in paI-lic  LIlar by 10, wllcre  the radio sigrml  may be C]istorlecl due
to outgassing  froIn volcanic plLIIIles. } iowcwer,  racliat  ion considerations prohibit the
orbiter from approaching 10 II1OIC than once, arlcl  no occultation occLlrs  cluring  the sin-
gle 10 flyby on the insertion orbit. Thcrcfcme,  toLIr c]csign  efforts have. incl~lded  attempts
to incorporate occultations of 10 at greater distances in other porlions  of the tour,
Op])orlunities  to obtain sLIch “clistant  10 occLlltatiolls”  frequently exist cl LIring  orbits
CCHltaiIliIlg  IICar-eqLlat  OI”kd  OCCLlltatiOIIS  Of Kal’lh by JLlpitel. oI’bital  inclinatic)n  IllLISt
bc tightly  contro]lcci  to bc assured c)f ]mssing  bchiIid  a SIIMll Sate]li[e at a hIIgC distance.
11 is necessary to use the targeted flyby illilllcdiatcly  prccccling a distant satc]litc Occul-
tation to change illclinatlc)n to t}lc pI-ecisc valLIe  nccc]ecl to achicvc the occLlltation.

10IJR DE-SIGN  GONC13PH

DLlriI”lg t]le toLlr, the fp”avitatiorla]  fields C)f t}Ic sate’l]ites are LISCCI  to make larjj,e
alterations in the trajectory. “1’hc co]lccpt of gravitational assist }Ias bccll extensively
diSCLlssecl  prcvioLlsly (rcfcrcl]ccs  9.-8) and ml~]loyed  in ])xcvioLls  nlissio Ils. Elrlefly  ex-
plainccl$ a satel l ite f lyby can chance tlle ciimction, bLlt ?lot tllc Ina@litLl(ie,  of t}lc or-



biter’s wlcmily  relative to the satellite. “1’his  c}langc in tlIe  ciiI ectfon of the sCltell[[c-rcl-
al[ue velocity vector can cl IaI~ge both tile directioIl  ancl the rnagnit~]dc  of the orbiter’s
Ve]clcity  Vc’clor rekl(iue (O t/It’ wrl(ral hocj!) (JU])itL’r,  in t}lc case of the ~,a]i]co  toIII”).

Flybys  can  be USCC1 to chance CIICI-gy  willl  xespecl to the. cexltral  bocly, equivalent
to Changi))g  ol-bital  periocl. FOI-  tc)um IIkc that of Galileo i]] which the p]ane  of the or-
bitm”’s orbit lies near the ])lanc!s  of the Satd]ites’ orbits, t]lis is cionc by flying over the
satellite at or near its cq~lator. increasing orbital period [referred to as “pumping up”)
with respect to the central bocly  is accoII)plishecl by flying bc!hinc] a satellite’s trailing
edge. I)ccI-casillg  orbital ])el iod (“pulnping  dolvIl”)  “involves flying ahead of its leaciin~
edge.

F’lybys  can also be LISCC1 to change the orbit wilhc)ut chan~ing orbital periocl.
“I-his tecllniciue is rcfcrlccl to as “orbit craIlking”. For toum ill wliich t}Ic orbiter’s orbit
lies near tllc planes of t}]c satellites’ oIbi[s, this is tantatl]ou~)t  to changing inc]ixlation,
and  is done b.y flying over onc of t}Ic satellite’s ]jc)les. }-lying over a satellite at latitudes
bctwcml the eq~lator  ant] a pcj]c pIodIIccs  a clIaIlge ill both pcI”iOci  ancl il]clination.

Flybys which change cmbital  pcriocl  also rotate  the  line of apsides  and  chaI1gc
the distance of pcruovc fronl Jllpiter, Fc)r a ~iven pcI-iod cllan~e, a flyby which occurs
far from the c)rbiter’s  pcrgove rotates tlIc  liIm of apsiclcs  al~cl changes pcrijovc  distance
IIIorc  than a flyby occ~lrring close to peIijcwc. A flyby occ~lrring  exactly at ])er~ove
changes orbital pcriocl  wit}lotlt  I-otatil]g  the ]inc of a])sidcs and without changing pc.ri-
jcwc  clistance.  l-or cxarn~)le,  a ~allisto  flyby which c} IaTlgcs ~)criod a given amc)unt  ro-
tate’s the line of apsidcs 11101 e than a Fhl]”opa  flyby Changing J) CI”iCld  by tllc S:IIIIC  amount,
becatlsc the Olbiter enco~~llters  C:allisto  at a ~l-eater  clista:lcc from JLlpitCI’  (hence, at a
gI’C:ltC!l”  tI”LIC  :ill(llll~ly). ‘1’llc  Cli]-ection  in which the line C)f apsiclcs  is rotated clcpmc]s  on
whctllcr  the peric)cl  is increased or clecrcasecl  ancl whether the satellite flyby  occurs bc-
folc perijovc  (“inbc)tlxld”)  oI a f t e r  pcl-ijc)ve [“OlltbouIld”). ~igLII’C! 2 S}lCl\VS tha t  an
OLltboLlllci,  ])cI’ioC]-rcc]Ll  ciI”l[{ fiyby (frcml O1-bit  A to c)l’bit  l\) I“Oiat  CS the. ]inc! of apSid  CS
clockwise, and an oLltboLIIlc]  pc!I”iocl-incl  casiIl~ flyby  (from orbit  II to orbit A) rotates the
line counter-clockwise. I<LIICS  for or-bit rotation arc  ]istecl in ‘1’able 1.

‘1’}IE! ang]c  nlcastlrcci c]ockwisc  at Jupiter froIn  t}lc Ju])iter-sun  lirlc  to the apo-
jove, rcfcrrecl to as the “orbit OIieIltation”, is an iInportaIlt  consideration for atnlo-
sph~ric observations. ‘1’he time avaikiblc for obsc!r~’ations  of JLlpitcr’s lit side clccreascs
as the orbit rotates towal-cl  t}lc anti-sun  direction. Arrival conditions at JLIJ)iter fix the
i]litial  orientation at abOLlt 125 cieg, I)LIC to the  lnotion  of Jupiter aI-OLInCi  the sun, the
orbit orientation incIeases wit]] tin)c, at a r:itc  of 2.52 deg. /n~ont  h. Ovcr t hc 23-month
nolninal duration of the tour. tile total alIloullt  of drift in orbit orientation is 58.0 deg.
l’his Incans that t}~c orbit  oIicntatioIl  at t]lc cnd of the tour woLI]d be about 183 deg. (that
is, within 3 c]cg. of t}]e aI”lti-SLIIl  ciiI”ectioll)  if chaI)gcs  in orbit orientation were dLIC on]y
to orbit drift. }Yriocl-changing  targetccl  flybys which rotate the line of apsicies  may be
Llscd tO add  tO Cn’ SLlb(l”:lCt  fI”OIll thi S dl”ift in OL’bit  Ol”iC’Ilt:itiC)Il. ‘i’he  rotation of the orbit
from the initial oricmtation to tile a~lti-sun  direction for the totlr pI-esmltcA  here is
shown in FigLIre 3, refcm ccl to as a “])cta]  plcIt”  bccallsc of tile resenlb]ance  of the orbits to
t}lc ]) Cta]S of a flOWCr.  111 the coordinate systclll  LISC’C]  in this figLll”e,  the ciirection  to the
SLI 11 iS fiXCCi.

CC)NS’IRAIN’IS

Tour cicsign  is constrained by Inany factors, several of which are unrclateci to
the laws of orbital nlccllanics. ~ollstraiI”lts aI”c il”nposc’c]  ciLlc to t}lc ]imits  of hardware
capabilities, instrument reliability, navigational accuracy, ancl budgetary coIlcerns.

‘1’he arrival cc)n(ii(ions  at JLlpitcI” aI”c fixcci by the illt CI”p]aI”K!tary  tr{~cctory.  ‘1’hc
OI”bit  Cr arl”ivcs  at JLlpitCI”  on ])cc. 7, 1995, :IIICi  a pXOp Ll]SiVe manc!Llvcr  iS CxCCLlt Cd tO iIl-
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E’1.t)Jloc_atjo.~

IIlllollrld
(])1-e-pcrijovc)

CILItljOLIIld
(pos~-pcrijov~)

Energy (pcriocl)
increasing flyby

(:lock~visc

Encr~y (period)
d.ccreasingfly~

~cJL]rltcl”c]ock~visc

clockwise

scrl the olbitcr  into orbit  abOLIt  the planct. l’crformallcc  cc)nsic]crations rcstI-ict the
post -inscrlion  orbit ]) CI”iOCl  to within the 200-230 day range. ‘1’]lC  il”lSC1”tiOll  O1-bit iS il’l-
C]illCC] abOLlt  6 Ck’g.  tO ,JLlpiter’s  CCILlatol”.

A minimum tilne il”ltcmral  c~f 35 days between tar~ctcd flybys is rccplircc]  in orclcr
to a]]ow cIloLlgh  tilne fcJI” the Cicsign of ccIIIII”IlaIIc]  SCqLICI”ICCS  bctwccn cIlcoLIIltcrs,  T h i s
reqtlircxl  inlcrval had previously been set zit 28 clays, but was imrcasccl  as a rcsu]t of fur-
ther ana]ysis of tile tilnc  Iccltlircd  to ge.nCI-Eit  C coIIIIIIaIlcl  scqucIIccs for tlie orbiter.

l’hc allowed cluration  of t}le toLIr is set by tllc Ga]i]co  project due to bLldgct  con-
Sldcrations. For the 1986 ]aunc}) oppox lunity,  the Clurat  Ion liInit  was set at 22 months
from Jupiter orbit inscrlion. A 2Z!-nlonth  cluration  constraint is difficult to ~ilcet even
with as little as 28 days allowccl  bctwccn flybys. ‘1’he allowed duration of t}lc tour was
increased to 23 IIlorIths  in oI”dcr to aCCOllHllOdate  the iIIcreasc in the IiliIlirllLIIll  time in-
terval allowed bclwccn targeted flybys.

A solar conjunction occLlrs  dux-ing  the tour on JZillLlal-y  19,  1!397. Rcccption  on
the mbitcr  of the radio signal frc]]n Earth  is degraded significantly w}]encver  the SLII~-
Nal-th-orbiter  angle is lCSS thaIl 5 deg. ‘1’he effect of this signal degradation on the,
Llpllllk  of command SCCILICIICC’S  is sLIch that no C]OSC  satc]]itc flyby is al] O\vCd  between
Janualy 8 and FcbmaIy  1.



C)nly a liIIlitccl  amollnt  of pro])  c]lallt  is available for toLlr operations. }’ropcllant
is used only to pmvidc sIIIall  ziclj Llstnlents  to the tmjectory  IIcccssaly  to navigate the  or-
biter, to tLlrn the orbiter for scicncc-gathm  Ing  pLlrposes  or to communlcat  c with Eatlh,
IksigIlh)g  a toLlr  \vhich  IIlinimizes  pmpellaI”rt  LISC \VaS an eS~XXia]]y  h i g l l - p r i o r i t y
c)bjcctivc  dLlliIlg this tOLII”  dc’sI@l  C’ffol”t.  llecausc  ]H”O@kLrlt  was e.xpc!Ildccl  in attempts to
flee tlw spacecraft’s stuck hig}l-gain  antenna cluring  illtcI”p]aIlc!tary  cr~lisc  (rcfcrcnce  1),
n)lnitl)izlng  propellant LISC dllring the tour was necessary in order to bc able 10 inclLIde  a
f lyby of the asteroicl lcla clurinfi  lIltcI-l)lal]et:il-~~ cl-Llisc wl)ilc  retaining the ability to
col Ilplcte  tcI)  targeted satellite flybys irl the tou I .

Instrument and c)rbitcr  reliabilit}r  concerns  impose a rnaximLlm  accunlulatcd
racliatic)n closagc  va]uc of 150 krad to w}l~ch ttlc  orbiter l]]ay bc CX1)OSCCI.  I’;ncrgctlc elec-
trons nnct protons trappcc]  in JLlpitcI’s radiation belts can cause interference and  clam-
age  in elcctron]c parls in t}lc ~>alileo orbiter. l’hc measLII-e of radiation closagc  acioptcd
is tllc close in krad that  woLIld pcnctra~c  slliclcliIlg eqLlivalent  to 2..’2 g/cIn2, c]f al II IIIiIILIm
iII tllc Jovian radiation cnviI-orrIncnt. 1’0 eIisLlle that such  effects do not scrioLlsly  clc-
graclc  performance, the lllaxilIlllnl  acccptab]c  radiation dc~sc fc)r ttlc  cntiIc  rrlission  }Ias
bCC!Il set at 150 krad.

Since 10 c]rbits  deep wit}~in  the rac]iatic]n  belts, only c)nc Jo flyby is permitted
dllI-ing the mission, 10 is Llsecl on tl]e insm lion oIbit to slow the orbiter, wtlicll  rccluce.s
the atnollnt of AV ncec]c’d to acco~np]isb  illscI-(iorl  il”lto  orbit aboLIt JLlpitel”. lJul”ing this
siIlglc 10 flyby, the c]rbitcr  ~ibsc~rbs  approxin~atc]y  40-50  krad,  apploximate]y  one third
of t}le dose allowccl  dLII-inE tllc e~itire Inissjon. A pcrijovc  raise IIlancuvcr  is pel-formed
near the first a~jojovc  wllicll  I{iiscs ])c]-ijove  lligb elloLlgh  so tliat the 150 kr:id  constr:iiIit
is not cxcccdcd  dllring  tl]c l-elllainder  of the lllissioll. }’eI i.jovc InLISt be kept ne:ir or bc-
ymlcl Europa’s  orbit clLlring the  lcn}(iiIldeI  of tllc lilissioII  in order not to exceed the 150
kI-:id  co]lstraint.

“l%c rcq~lircmcnt to ngivi~ate  the c)rbiter  ;icc~lr[itcly  :illows no IIiorc tllzi~l  C)IIC tar-
gcteci find  OIIC llOlltal’geted Satellite cllcoLlntt’r  ])CI Ol”bit. “-l’his  rcqLliI-cIIlerlt  is CIUC  to the
diffcI”cnccs  expcctcd  bctwecI)  the! pI”cdicted  aI”rd t~lc actlla] ]~ost-flyby  ol”bit  w]iicb  aCCrLIC
duc to imperfect knowlcc]~c  of tllc prc-flyby  orbit, tl~e satellite orbits, a~]d c~thcr  factors.
Navigational col]straints  [ilso  irnl)osc  :i lliinimLlln  satellite flyby  zi]titudc  of 500  km for
t}ic fil-sl tar.geicd  flyby. 200.  kn] for SLlbSC’C]LICIlt  tal”gctcd  flybys. :ind 25,000 km for nml-
targctcd  flybys.

lC)UR  DFAIGN  STRAII%Y

Orbit Orhmtation

l’hc pct:il p]ot of FjgLIrc {+ shows illat t})e Ol”biter  spcncls  a great deal of tilnc on
JLipitcr’s dark sicle. III c)rdcr to m:iximize  tile amount  of tilnc available to observe lit
portions of JLIpiter’  (which is :i ]lig]l priority  fol” atmosphc!ric  scleIlcc),  t}ie oI-icmtatioIl  of
the oIbltcr’s  ox-bit  mLlst be kc])t CIOSC to t})e initial oI”ieI)t[itic]n  for :is lc)ng as possib]c.
~omequcnt]y,  targetccl  flybys  near t}lc beginning of the tour al-c desifinec]  to coLlntcract
tile clockwise orbit drift (to “coLlntcr-rotate” tl~c olbit).

If the first fcw flybys iII the toLlr arc LISC.C1  to coLlnter-rotate  for observations of
JLII)llCI-’S lit side, the drift in ol”bit  oricxllation  CILIC to JLipiter’s motion aboLlt  the SLIII is
not sLlfficicnt  by itself to r’each the ziI”rti-sLln  ctirectioxl,  wkicrc  the Inagnctotail  lies, by
the CIId  of the toLlr.  Subsecl~lcnt  flybys nl~lst be cIIl])]cIyed  to help I“otatc the orbit towarci
the aI~ti-sLIIl clirection in OI-ClCr  to {ichicvc ~nagnctotai]  passage, lIi Inost previously dc-
slgncd toLlrs, the Inagnctotai]  pziss:ige  was p]:icect at the enci of ttlc toul”.  ‘1’his permits
II)orc  courltcr-rotzitiorl  at tllc bcginl)ing  of the tot]r,  which maximizes atmospheric ob-
scnmtiorl  ti]nc. l’he last satellite flyby is LIsed  to incl-case  t}lc orbital perioc]  to appl-OX-
imatcly  90 or lllore days in orctcr to :ichieve a dist:iIux  of 150 NJ :it tlic apojovc of the
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“tail petal” orbit  (tlIc  orbit  011 wl]icll  xnagIletotail  passage is achicvec]).  ‘1’hc 23-xIlonth
li:llit on the tour’s dllration  is satisfied if the Iilagne.totail  passage, which cjccurs  near
apcjovc,  is Complcteci  within 2.3 Ill OIith S. ~onscclllclltly,  for tOUI-S  in which the magne-
totail  ]“mssage is placed  aftCI”  the last targc!tcc] nyby,  it is IIOt Ilc’ccssary to inclIIcle  the
posl-apojovc  porlion  of the tail petal ol-bit  [lasting approxjnlatc]y  45 clays) within the
23-nlOnt}l  lilnit.

1’rior to this final toIIr design cfforl, the Galileo 1’rojcct  specifically requested
that some candidate tours be designecl  in which the ma~netotail  passage occurs after the
eightl) targeted flyby, l-ather  than the tclith. Hating the nlag Iletotail ~xissage  after the
C]ght]l  targeted flyby rather than at t~lc cnc] of the tour has t}le effect c)f L’eCILICillg  the time
available for atmospheric observations. ‘1’ilis  OCCIII-S  bccallse it is neccssaI”y  to begin ro-
tatlc)n  toward the anti-sLln  clircction  ear]icr in the toLIr in Orc]er  to reach the aIlti-SLln
direction earlier. Placins t}lc magnctotail  passage earlier also incI-eases  the clifficmlty
of clesi~ning  a tour which meets  the 23-nlonth  duration limit with no lCSS than 35 clays
bctwcwn  any two targctcxl  flybys. 1 lecaIIsc t\vc) tar~etecl  flybys remain after the nla.gne-
totall  passage, the tour cannot bc consiclcrecl  complete at the apojove  of the tail petal or-
bit,  ancl the pcriocl of roLIghly  45 days lmtwccn  apojove and the sLlbscqucI”lt flyby must bc
il~cludcd  within the 23-xIloIlth li~l~it.

Alfvcn wing passes which C]O not apprccjab]y  change period  must a]so be in-
C] II C]C!C1 in the tour, ‘l-}liS IIICallS (]lC tOLII”  CaIII)Ot  COIISiSt  SO]CIY Of COLII”lter-I_Ot~  tin~ flybys
at the beginning followccl  by rotati]lg  flybys at the end: there IIIIISt be a fcw flybys de-
sigIled  to produce Alfven wing pmscs,  which provide little or no apsic]al  rotation (i. e.,
\vhlch neither rotate nox coLlntc  I--Iotatc  the c) Ibit).



Orbital Period  Profile

I’llc 23-nlonth d~lration  limit, the rcquitrlncnl  t}lat not less than 35 days elapse
bC.tWCCIl tal~d(e(l  f l ybys ,  aIIC] thC  ]illlita(iOIIS  of t]lc sa(e]ljtes’  abilitic!s  to ]) I”OVIC]C  gl”avi-
tational assist make it possible to specify a rou~ll profile of desired orbital ]wriocls at
varioIIs points in the tour bcfom  the  tour is cicsignccl. Given the orbiter’s post-inscrtlcm
orbital peI-iod of 2 0 0 - 2 3 0  d a y s  a n t i  t h e  t a i l  petal orbi(al period of app]-oximatcly  90
days,  the ave rage  thne i~lterval  bclwccn  cncountcm for tllc remaining f lybys lnust  h
a] Jproxi Inatcly 48 days in order to finis])  tl)c tollx in 23 n~c)ntlls. (lrbita] pcriocl  lnust be
rcclIIcccl early in the  tour, tl)cm iIlcI  cased tc~ nCaI-ly 90 clays for the lnagnctotail  passage,
thm mclucecl again as qtlickly as possible in oxclc.r  to finish the toLlr within 23 Inonths
f]-om arriva]  at Jllpitcr.

‘1’lIc targclcc]  f lyby strategy IIscd in prm’ious  toll  I-s (refcrcnms  fl, 5) accc)mplishcs
t}lc above  ob jec t ives  well, ancl was IIsed in this tOLIr. ‘1’he first cncotlnter,  w i th
Gal)ynleclc,  is desigIlcd  for lIlaxiTllLlnl  ])cl-icxl  l-eclLlction,  aIlcl  is ])lacccl  inbo~lncl to llCIi-
jovc in  O1-clcr  t o  coLlnter-lotaic  t}lc lirlc o f  apsiclcs. ‘1’hc  second flyby, also with
GaIIyIncclc,  reclLIccs illclinatioll,  aligning the! orbital ])lanc  moI”c clcmly wit}] the  Jcwian
equator in o]clcr to enab]c t}lc cJIbitcr to eIlCC)LIIlteI-  satellites otheI- than ~lallyjncclc.  l“hc
thircl flyby, with Callisto, furlhcr I-cc]uccs peric)d, clcpressing perijovc  to below 1’;Llropa’s
orbital radiLls  to make possib]c a I~;LIIopa  f]yby aI”Lc] f[l I”l}lc!I’  coLlntcr-I”otat  iIlg  the apsiclal
line!.

Nontargctcd  Flybys

It is, of coIIrsc,  clcsirab]c  tc) incluclc  as lI)any IICIIItal-getCCl  flybys as pc)ssiblc  in the
to~lr.  A “l]ontargctecl flyby op})oItLlllity”  is saicl  tc) CWCLII  at any cc)mbinatio]l  of orbit ori-
Cntaticjll,  perijovc ciistancc, o r b i t a l  pcl-iocl, an t ]  tinlc for which it is possible to cn-
COLllltCI’ two sntcllitcs on olIc oI-bit. ‘1’llc tollr lnust be dcsignccl  to arIivc a( tlIc colnbina-
tions  of orientation, pcI-ijovc  clistallcc, ant] periocl  neccssaI-y  to acllievc nontargctecl  en-
COulltcI-s  in Conjunction with targctccl  encounters at various poirlts in the toLlr.  l’his, of
coLIrsc,  must be accoII~plishccl  within the constraints of the orbit ol”imlation  profile
discussed above (wl)ich itself  is a coI1~pl-onlise  bctwccn  the conflict  ixlg rec]Llircnlents  to
maximize tililc over JLlpitel”’s  ]it sic]e ancl tc) I-each  the Inagnc’totail)  and l}IC ])erijove  pro-
file rcquirccl  to nlaImgc the o]-biter’s exposure to radiation.

‘l-he  occLlrrcnce  of nontargetec]  flyby oppcmlLlnitics  is tiecl to tile syIIc)clic period of
tllc satellite pair (rcfcx-cnec  4). For cxatnp]c, cJ])por[Llnities  involving Ganymecle  and
~al]isto  arc of il)tcI-cst,  becaLIsc seven coII)plcte CIanymcc]c rcvo]u(ions  take almost the
same alllOLlnt  of tilnc as tl)rec  coInplete  ~al]isto rcwolLitions  (slightly more than 50
clays). For a ~ivcn pcriocl,  pcrijove, a]lcl encounter seqtlcncc,  t}le positions of the
Satc]]itcs wit]l  respeCt  to each other aIIC] to JL1piter change  by on]y approximatc]y  2 c]eg.
after 50 clays have elapsed. ‘1’his r:itc  is slig}ltly  lower thaIl  t}lc avmagc  desired preccs-
sioIl rate of the orbiter’s 01 bit towal-d  t}lc Inagnctotai]. Therefore. if conditions procluce

a Ganyll)eclc-Callisto taIgetccl-I~o~lta  I-gctecl ]~airing on OIIC orbit, it is often possib]c to
achieve a siInilar  paiI”ing  on tllc IICX1  c)rbit  if the orbiter’s pcriocl  is appI-oxinlately  50
c1 ays.

phasing Orbit

The three. -week interval during wllicb tarfletccl  flybys am ])rc~hibitcd  due to solar
COT IJll IICtiOXl OCCLII”S in JanLlary, 1997, after t}lc first few targeted flybys have taken
place. At this point 111 the tour, in the absmce of solar conjunction, the clesirecl tlmc in-
tc!lva] between e.ncountc!rs  woLI]cl be short  (35-45 clays). [] IlfOrlllllatC]y, the three-week
iI)teIval of  prohibi t ion scwcrely ]inlits  the toLlr  designm’s  choice of flyby dates uxIless
tbc time between flybys is lengt}lenecl.  (It S1 1O L I]C I also be notecl  that lengthening the time
bctwccm  flybys at thk poill( in t]le tc)ur Il]akcs it nlore ciifficult  to Im!ct t h e  2 3 - m o n t h



dtlration  constraint. ] ‘1’llc  linlc bctwccn taI-gCt CCl flybys caIl be lcngtllcncd by iIIcrcasiIlg
orbital period. or by keeping oI-bital period SIIC)I1  ancl allowix~g the orbiter to c o m p l e t e
11101’c than onc o]-bi[ aro~lnd Jupiter  between targctccl  flybys.

“i’lIc  idca  of lIlcoI1lor:itillg  iII the to~lI- an o~bit c on ta in ing  no taI-gcted  flyby (a
“phasing Orbit”) hacl not bc!eI”I Consiclcrc!c]  in pI”cvious  loLlr design cffork, pI”incipa]]y  be-
CaIISe  no constraint or I-eqLlircmeIlt  drove the  to~lr  design in that direction, ‘l-hc phasing
oIbit strate~y  allows the  orbit  ex”’s  periocl  10 be kept  sIna]l  CVCI1  t]lough the time intmval
bctwce.n  flybys is lcJIIg, IIIaking  it easier to avoid the solar conjunction region  while
kccpi~)g  to the clc!sirccl  period profile at s~lbscc]umt  flybys. For this fiIlal tour clesign  ef-
fcjrl,  canciiclalc  touIs  with ancl wit}lollt  ]JIIasing  orbits wclc clcsigllecl.

~oI”  toLII’s  in Iv}lic]l the tai] ])cta] c] I”bit occLlrs after the tenth fiyby, t}lat ]ast flyby
is )-ccluirccl  to increase perioc] fcm t)le tail passage. For tcnlrs in which the tail petal orbit
is p]acccl af(cr  the eighth  flyby, tlleI-e is no s])ccific rcquircl Ilcnt  which IIIIISt be fulfillcc]
at the tent])  flyby. ‘l’llel-efclre, the last flyby  Inay bc usec] tc) accc)mplisl] any sciellcc ob-
Jcctivcs nc~t satisfied cl~llin{: t}lc callicr ]~or(ion  of the tollr.

k-ol” toLlrs with tail pcta]s afie:” t}le Cig}ltll  fiyby,  the enc] of the  tclllr  was Cicfinc’d  to
occur 5 clays afler the tenth ancl  kist targctcci flyby.

10IJR  OPTIMIZATION

‘1’llc  first step in clcsigpling  a toLIr  invc]lt’m t}lc Llsc of cc)nic sc)ftwaIc  to fine] a tour
that iIICOI’ilOI’at  CS the dcsil-cci cllaractcristics. ‘i’he coIlic  tOLII- trajcctc)ry  is thcxl LIseci as a
“ f i rs t  g, LIcss” iIl an opti:nization progratn. ‘1’}lis prograln  II:iIliIIlizes  spacecraf t  propcl-
laIlt consumpt ion SLlbjC!Ct to cc)nstraints  usi]-lg the Incthod ciescribcd in I“cfercmce 9.
‘i’his  lnethocl  uses a multi-cc)]lic  trajcctoIy  propagation sc}lcrnc to generate a tour trajec-
tory of nearly nllmcrical  il]tegratcci accllr~icy. ‘i’hc total amollnt  of propellant expended
jn dctcrlniliistic  InaIlcuvers  xccluired  by tlIc spacccI-aft  wllilc 11~.cetiIlg  t}le various f lyby
constraints is minimimci,

I<;xpc.ricmcc  wit}l  optil”IliziI”lg many  CaIldi(lat  C! tOLll”S oveI” IIlany years fOr  the
Galileo mission has Iesultcd 111 a gcIIcral  underst:il)dillg  of what changes Imy occur bc-
twcxm  the coIlic anti xnulti-ccmic  vcmions of a tour. III gmeral there arc three areas that
Snow l)ax licular  sc.llsitivity  ill tou I- cl])till)ization. lIhlcouIItcrs wit}l  KLIropa  aI-e gener-
ally sensitive since the pc]ijove  ciistance is just slightly less than the orbital radius of
h;uropa.  l-his means that since tllc spacecraft o)-bit anti the orbit of ~~lropa are nearly
tangent at cxlcoLlntcI”, small c]la Iigcs prior to tile eIlcou Iitcr will have large conse -
clllcnccs  at tlIc cIlcounter. l’lIe scconci  arm of great sensitivity irIvolvcs resonant orbits.
A leg of the tour that involves successive encounters with the same satellite for which
the! time! bctwecm  eIlcoLIIItcrs  is an intcgra]  multiple of the satc]]itc period is a resonant
oI”bit.  Since these two C! IICOLIIILCI’S  are very neziI”ly 360 clc!g.  apar[, t]le iIIC]iIlatlOIl  of the
orbit is ahnost iJldet CrIlljllatC. “i-he thirc]  ~irea of sensitivity involves nontargeted fiy -
bys. Nc)ntargctccl  flybys am often separ;itec] from t;irgetecl  flybys by relatively short
tilne intervals (a few days). Cc)meclucI]tly,  nontargctcd  flyby ciistanccs can be very sen-
sitive to sIl)all changes in targcteci  flyby aimpoints. care mLIst be taken cluring  the hll-
tial trajectory design and d~lring  t}ie o])timizzition  process so that excessive AV cost is
I101 inCLIrI-eCi  in constraining nontargcteci  flyby distances wil})in the ciesired  ]imits.  “l-hc
Subtle interplay of these sensitivities is Vcl-y  illlpol-lant ill dctenninill~  the final Opti-
111:11 toLlr.

An CWII1l])]C  of this illtcl”})]:iy OCCLIX’S  011 the eighth atlci  I“lint}l orbits of the toLlr

prcscntecl here. ‘i-he  nontargcteci  flyby  of ~allisto on orbit 8 and the targeted flyby of
Callisto  on oIbit 9 are  nc~irly 360 deg. :i])aI-1, :IS :irc tllc targeted flyby  of GaI-iyIllcdc  on



orbit B ancl  the nontargctcd  llyby of Ganymcdc c)n orbit {), ‘1’}11s  “double resonance” crc -
atcs sensi t iv i t ies  dLIC to the IIcar-SGO deg. tmnsfcrs  which illcrc:isc  the dirfic L]lty  of
keeping the nontargetcd flyby attitudes withiI~  the desired limits.

RESUI,TS
“l-he goal of the to~lr clcsign ]JrcJccss is to fincl a tc)llr wI]iCh achiwcs the lnaximum

possible science return in tllc t]lrce IIlajoI” areas (atmosphc~”c!s. sate] litcs, and fields and
]KiI-lic]es),  has acceptably low prope]]ant  Consul”npticm.  ancl does not vlo]atc!  mission
ccmstrainls. ‘1’lIc tour se.lecte.cl  by tllc Galileo Pxcject  Science GI-oup ancl ]JrcseIItcci  here
accomplishes this objmtivc. A brief Su]]llna]-y  of tllc tour, showing the sec]ucnce  of cn-
couIltcIs and soInc objectives acccmlplis}~ccl  at each encc)unter.  is prcscntccl in “1’able 2.
111 this table, cncoLIIltms  arc IIuIIlbcrccl  accorcliIlg  to t]lc orbi[ on which they occ~lr.
No)ltargcted encollnters  are  clcsignatecl  with an “A” (c.g.,  NLIrolja 3A). Accorcling  to the
orbit  IILlmbcring  coIivcIltic]n LIsecl, t}lc cnbit nLlrIlber  changes at a]loa])sis, with orbit 1
bcginIling  at tile pcrijove  raise lImncLIver.

FoLlr nontargctecl  flybys are achievec]  in the toLlr. ‘1’he high-priority objective of
ac]lic.viIlg  two Ilontargcted flybys of 14; LIrOpa  (one ccwcriIlg  each hc!misphere)  iS satisfied,
(hle nontargctcc]  flyby of 1’;LIrc)pa  is achic!vc!cl on orbit 3 in conj  LIIlcticm With a ~a]]iStO
targctccl  flyby, ancl the other is achicwcc] orI o~-bit  6 in conj  Lll]ction  with a Ganymede  tar-
flctcd  flvbv. ‘1’he !50-c]av  Ganvmeclc  - ~allisto  rcsomncct  is LISC!C1  to advantacc on orbits 8

flyby c]f G:inyIIlccle  aIIcl onc  of Callis~b.
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Tail Pelal  Apojove

Clo

E l l

Dale

4 Jul  9Ei

6 Sep  9Ei

4 Nov 96

6 Nov 96

19 Dec  96

20 Jan 97

20 Feb  97

4 A$>r97

5Apr97

6 May 97

7 May 97

25 Jun  97

26 Jun 97

8 Aug  97

17 Sep 97

6 NOV  97

GAI.I 1/1:0

lnbwndl
Satelllfe Oulbound

Ganynwde In

Ganynwde In

Calllsto In

E uropa out
Furopa C)ut

Europa C)ul

Eurc,  pa In

Europa In

Ganymcde out

Calljslo In

Ganyn@de In

Call[slo In

Ganyrrlcde In

Callisto In

Eurfipa In
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‘J’able 2
SA’JV~;I.I/ITI; TOUR

Altitude
(km)

500
200

1096

31818
695

27555
589

24993

3105
33176

1602

4~o

80246

528

1127

La!itudc
(deg)

2 5

8 5

14

0
0

.1
.17

2

5 5

.42

28

2

0

5

6 6
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Objective

?Jake,  Alfven  wing,  UVS,  gravity, reduce period

Nfven  wing, gravity, reduce irtcllnat,  on

Make,  Alfven  wing, UVS cmunler-relate for aln)osp!lenc
;overage,  Jupiler occultations (Sun, [ arlh)

:overage (232 deg W. Lonq  , pt, ase . 34 deg)

,Vahe,  Europa occultations (Sun, EarIt!),  Jupler
jccult  aliens  (Sun, Earfh)

>curs during solar conjunction inlerval on phasing orbit

:urfipa rxcullal,om (Sun, Earlh),  Jupiter occultations (Sun,
:arlh), 10 occultation

:ovcrage (133 cfeg W. long., phase = 52 dog),  dlslanl
kake

$Ifven wing

:overage (72 deg  W. Long phase = 43 d?g)

;arlyn led’? Occullal!ons  (Sun, Earlh),  Jupiler occullatic,  ns
E arltl),  dfslarlf  UVS

:alllslo occultations (Sun, Earlh),  Ju@eroccullations
F arlh),  10 occul!afions,  tail pelal

;overage (98 deg W. long., phase = 20 deg),  dtslanl  wake

143 llJ, 175 dcg phase, 0,2 deg  inclrn  alien

fv’ako,  Alfven  wing, Jupiler occultations (Sun, Earlh),  rolak?,
JVS, reduce period

Ufven  wing

Dctemirislic  AV; Jupler OtiI  Inseriion  -645 n~’s, F’eripve  Raiso m 375 ntis,  ?our  .23 m’s lolal Radiation .123 krad



‘1’}11s  tour uses a phasiIlg  orbit to satisfy the solar COIlj  UIiCtiOIl  colmtraint.  ‘he
IISC of a ]J}Iasing ox-bit  (orbit 5 ixl the  chosen tOLII)  }las tllc sl ight dlsaclvantagc  of
complicating toLlr nomcnc]aturc. Rncollnters  are numbcrecl  according to the orbit
dLlli  I”l~ W]liCh  thCy OCCLlr. Th i s  IIIcans, for  example ,  that  the f i f th  targctccl  flyby is
x-cferrcd  to as lI:LII-Opa G sillcc it takes p]acc clu I lIlg the sixth orbit.

l’llc  phasing orbit contains some op~)ol-tunitics  for aclclitioxl;il scientific obser-
vailoIE.  l’he ]it side of JupitCr  is visib]c x]ear ])el’ljovc, ant] t}]cre k a nontargctd  flylJy
of KLlropa  which occLIrs on t]lis Orbit  dlle to the llcar-collllilcIlsLITflbi]i(y  of the orbiter’s
period with that of Europa. 1 lowevcr,  both pcrijovc passage ancl the Fllropa  nontargcted
flyby  OCCLII- dLII”ing  the three-week intcrva]  C] LII”lIlg  whic}l  colllrl”)~lllicatioxl  with the  OX-
bitcx’ is not ass~lred. For this rc.asoIl,  ~t was assLIIIlc’c]  for the pLlrpose of toLlr evalllation
ancl se lect ion that no scicncc obscmmtions aI-e possible ciLlring the phasing orbi t .  ‘lhe
])l”inlal”y  c o n c e r n  clLlrin~ the so]aI” conjLIIlctioIl  interval  is  Illain(aining the  o rb i t e r ’ s
health  LIIltil COlllIllLIIliCatiOIIS  aI’C OllCe a~aill p o s s i b l e . } Jowcver,  It may be possible to
ta]x rccorcl  some scicncc obse rva t i ons  f o r  l a t e r  p l ayback . Clcpcmclhlg on the t a p e
rcccjrder  capacity and tllc anlo~lnt  c)f In CIn OI-y available in the orbiter’s conl])uters  after
Storil)g  other  I)cccSSary  Comlnands.

‘1’hc tail petal orbit is placccl  after the eiglltl)  targctccl  flyby (~allisto  g). ‘l-his toLlr
a]]ows ELboLlt 26 days for obsrl-1’ations  C)f Ju]jitc!I’s ]it side, abollt d C]ays ]CSS than  t ou rs
with t}le tail petal orbit placed after tllc last t:irgctecl  flyby, ‘1’his  slight rccl Llction  results
f r om the  need  t o  r o t a t e  the  ol-bit m o r e  q u i c k l y  t o w a r d  the anli-sLln  d i r e c t i on  t o
fac i l i tate  tile early magnctotail  ]Iassage. (’1’he Z(3 clay total dots nc)t inc]ucle an extra 2.4
d a y s  of obscrvatic]n avai lable ~~car tllc pcr~ovc c)f tlIe p}lasing orbit cluri~lg WIIICII t h e
orbi ter  js oLIt of conlnlLlnicatio~l  Ivith  ]::ll-L]I.  )

OIIly 23 nl/s of de.tenllinistic  AV is nccdccl  to fly t}lc nomina]  trajectory. ‘l’his is
ti]c lowest detcrn~inistic AV for any tollr cwcr clesigllccl  cc)ntaining  this many nontar-
gc!t ccl flybys.

‘1’he tour co~ltains  scveII occL1]iations  of 14:arlh by JLlpitcT as viewed from tllc or-
biter in addition to the one obtainc.cl on the inscr[ion  orbit, ‘1’hcse occultations cover a
laIlg:e of latituc]es  extending frolIl tllc soLltllerll to rlorthern  nlicl-latitLlcle  regions. C)nc  of
these OccLlltations  occl Irs cluI-iIlg the phfisillg  ol-bit  clLlring the time period when the SLIn-
12irth-orbiter angle is less tlIan 5 cleg. “1’hc  closest distance to JLlpitcr  attained dLII-ing
any of the post-insertion orbit occ  LiltatioIls  is ‘2.?,  Inillion  kn],  on the third orbit. “l-he
toLlr contains five passagm throLIgll  JLlpitc!r’s Llmbra  (iIl addition to the one OII the lnscr-
tion cmbit).  Onc Lmlbra]  pass occLIrs  on the phasing orbit clLlring the time peI”iocl  when
the SLln-Karlh-orbiter angle is less than  5 deg.

One passage each throLlgll  t}le w:ike of E;L]ropa  and ~zLnyIncclc  is proviclcd, aIld
two arc provlcled  throL1g,h the w:ikc c)f ~allisto,  all zit altitLldcs  of less than one satellite
radiLls.  ‘llvo  Alfvcn wing passages aIc ])roviclcd  withi~l  C)IIC satellite racliLls  of the sL~rfacc
at Ganymec]c,  one  at F.Llrc~])a, :iIIcl  twc) at ~,allistc). C)ne additional passage through
GaIiymcde’s  Alfvcn wing OCCLII”S  d~lring  which t}]e ol-biter passes  within twc) rac]ii of t}le
sLlrfacc.

“1’hc!  orbiter achieves an apojovc  c]istance of 143 Jupiter radii (RJ)  on the tail
petal orbit, less than tile goal of 150 llJ set by the fields ancl particles science team. ln
spite of this  shorlfa]],  this tOLII’ was still  deelnecl desirable by this tCEU]l  bc!c:iLlsc the tai]
]):issagc occLlrs  after the ei~}lth rather  than the tenth flyby,  ancl  bccaLlsc arlotllcr passage
thl-oug}l the t:iil  rc,gioll  is  providccl oIl tl)c pI cccciing oIbit rc:iclling  ali apojove o f  ap-
pxoxi]nat cly 100 R J.



‘1’he reclucccl  apojove clistaIlce of 1.lS  ILJ is the result cjf an i~lteresting  Interp]ay
be tween  the l imitations of ~allisto’s  ability to ~mrform Eravitalional  assist and lhc
sIna]] but important gravitatior)al  cflcct of the CIanymccle  9A x~o~~targeted  flyby. I’l Ic
GanyIncdc  9A noIltarEclcc] flyby (an inbound, ]ightsidc Cxlcountcr)  rcc]uccs perioci  by
abc)Llt  3.5 dayS, so that in OI’d CT to achieve i}Ic 83.4 c]ay flight time between the callisto  g
and 10 flybys in this to~lr, t}lc Ckillisto ~ flyby  mLlst actual ly  raise pCI-iOd to nearly E17
days .  ‘1’hLIs, the Callisto S1 flyby altituc]c  is lower in this tc~llr than it woulc]  be if there
were  no  ~anymcclc $)A flyby. A c]istancc of 1 SO lU at the tail petal apojovc could bc
acl Iicvccl by using the ~allisto ~ targctc(l flyby to ixlcreasc ])criod approxilnatc]y  cig,ht
more clays, targeting to a Callisto 10 o~ltbound flyby about half a Callisto rcv later. III
orclcr to raise period an additional eight clays, the Callistc)  $1 flyby altituclc  would have to
be lowcrccl. A s  it happcrls.  r a i s ing  the  pcricxl  a n o t h e r  cigllt  c lays WOUIC1  clrivc t h e
Callisto $) flyby altitLlde  below the ZOO kln llavig:ltioll-iIll])cJsed lower limit unless 10-20
m/s c)f clctmministic  AV is added. 1 Io\vcvcr, if not for the extra c! fforl  nccclecl to counter-
act the slight period-redLlcill~ effect  of the  ~~anymeclc 9A flyby, the Ca]listo  9 flyby COLIIC1
iIIclcccl  raise ]Icriocl  tl~c rcquimd aIIIou  I~t \vi(llout  going belo\v the 200 km liII~it. In ef-
fect, this tour ])roviclcs a noIltargcted flyby with GanyIncdc,  low detcrlninistic AV, and
an extra pass tlIroLIgh  tllc magnctotail  at 100 l&l at tllc cost of I-educing tile greatest clis -
tancc attainccl  in the Imagnetc)tail  frc)[il 150 to 143 l&_J.

initial optiInization al”lalysis  of this tour sholvcd that the dctcl”miIlistic AV cost
to keep all foLlr non-t~irgctcd  flybys at ICSS (Ilan 50,000 krn altit  Llclc (t}lc hig]lcst  altituc]e
at which 1 -kin  SS1 I“cso]Lltioll cal I bc obtaiIlc’d)  \vo LI]d bc aboLlt 33 111/s. FLII’[l ICL’ ana]ysis
with the altit  Lldc constraints Ielaxecl  sllc)wcd  that  allowing tllc GaIiyn~eclc  9A flyby alti-
t~lcle  to increase to 80,000 klIl  resllltcd iIl lower altit~lcles  at ~uro]~a  3A and ~allisto  8A
aIld rcd L]ccd t]l C AV Cost to CHdy 1 ~ 111/S. ‘1’})LIs t}lc sacri(icc of sc)mc globs] covcra~e of
Ganymcc]c  act Llally iIn]lI”ovec] tllc’ ~IIropa and Ca]]isto  COVCI-age  and cLlt the A V  c o s t
roIIf{hly  in half.

A siI@c  opport  Llnity to obtain  a c]istal~t  Io occLlltatio~”l  OCCLII’S  iI”l this toLlr oli  or-
bit 6, at a distance of apprc]xim:itc]y  3.3 nlillion  kril from Io. Six lnorc such opportuni-
ties occLlr  on orbit 9 (the tail pcta] orbit), at distances of 9.6  - 10.5 nlillicjn  km from 10.
‘1’]le  Orbiter is C] OSCL’ to 10 on ol-bit  6 than 011 ol”bit  9 bccaLIsc! t}lc apOj OVC! is C] OSeI’  to the
clawn terminator {it this point in tile toLIr  [see also tllc “petal plot” of FigL]re  3). Small
changes to the orbital inclination ax-c  nCCCSSaI-y to accomplish t}lcse occLlltatiol]s. “1’he
changes arc made cl Llring the optin]izaticm  l~roccss  by constrainiIlg  the flyby latiturlc of
the tal-gctcd  flyby prcc-eclin~ the occ~lltations  and rc-optimizing  the rest of the tour.
Since the transfer from Callisto 9 to ~allisto 10 is a resonance, the ncccssary slight
clIaIIgc  in inclination on orbit 9 can bc accolnplishccl without appreciable cost, “1’o take
advantage of the  opporlLlnity  on orbit 6 however, inclination must bc changecl  by about
0.3 deg. from the optimal value. “1’llis costs abOLll  7 m/s extra cletenninistic  AV, and ne-
cessitates a change of about 15 deg. in the latitude of the  Europa 6 flyby. Since the op-
portunity  on orbit G occLlrs C1 O S C I’ to Io than tllc ones on orbit $1, it is likely to yield bet-
ter I csLllts.  ‘1’}Ic  ~alilco project chose to accept the extra 7 In/s cost of this opportunity

ant] include it as part of the adopted toLlr,  bringing t}lc total AV up to 23 111/s,  still low
COIll]):lI”CC]  to ot}ler toLlrs.

The total absorbec]  racliatiml  clLIIirlg  tl)c toLlr is 123 Krad, ICSS t}lan tile 150 Krad
limit. Apojovc  of the tail petal mbit is rcacllcd 011 August 8, 1997 at a solar phase ang]e
of  175 deg.  a n d  a n  i n c l i n a t i o n  o f  0 . 3  cleg t o  Jup i t e r ’ s  ecluator. “l ’he tour ends on
November 11, 1997, 5 days after the last targeted flyby ancl 4 days after tllc no]nina]
cIlci-of-lnission  011 Novcll]ber  7 , 1997  (23  moI)ths  after insertion into ox-bit a b o u t
JL]pitCI’).



RX’HCND12D  MISSION IMP1.ICAl’10NS

l’hc lour prcscx]ted  }Icrc contains oIlly  two flybys of V:uropa  before the tail petal
CJI bit.  Neither of these proviclec] an Al f\rcn wiIlg passage. A near-polar pass is IvxcssaIy
to satisfy this I-cquirmncnt,  preferably at a low altitucle. Since this rec]uircnwnt  was
not  plCViOLIS]y  satisficci,  t}Ic last nyby was clcsignccl  to bc a targctccl  cncountcr of P;uropa
pl”OVidiIl~ an Alfvcn  whl~ paSSa~C. This flyby (~;uropa  11 ) also establishes a resonant
orbit with Kuropa having a period of ~S clays, lcacling  to a rc-cncountcr with FWropa in

January , 1$)98  for no deterministic AV cc)st. It is possible to clIoosc ainlpoix]ls  at tllc
Europa 12 flyby which allow resonance with Europa  to bc Inaintainccl,  allowing a
Ruropa 13 flyby for 110 ac]clitional  detcmninislic  AV cost. OIIC  of tllcsc choices (a latitude
c]f about 20 dcgrccs  ancl an altituclc  of 8,000-9,000 knl)  WC) LIIC1 yielcl very goocl h@ rcso-
lLltiOIl  NIMS COVCI”agC not avajlable  in the ncmlinal  tOLlr. Rcsonancc with Europa  coulcl
bc lnaintaincd iIlclcfinitcly, allowing an LlldiInitccl  nLIInbCr  of sLlbscclLlcnt  lCLIropa  flybys
for only the AV CC)S1 of navigation.

CON~I.USIONS

The toLIr sc]ectcc]  by the  ca]i]co project aI”Icl presented hcI”c  is the ultilnate  procl-
LICt of years of rcfixlcIIlcnts iIl toLlr  clcsign tecllniclLlcs,  as well  as cvol Lltion in science re-
clLlircnlcnts  ant] nlission constraints. ‘1’hc clcwelopn)ent  and cc]ntiIiLlous  inlprovcnlcnt
of these tcchniclues has enablecl  tl; c clcsign  of a toLIr  yielcli  Ilg higl I science letLlrn while
s:itisfying  nLmlcIoLIs  constra ints ,  incl Llclin~  soll]c iln}mscc] since laLllich.  ln par LicLllar,

the low AV cost of this toLll”  allcmrcd  t}lc pI”cjcct  to cxc!rc’isc  the  o]~tion C)f pel”forIning  the
lcla flyby wl]ilc  rctainiIlg  a }ligll  Icvcl  of scicncc rctlll-ll  in the tc)llr.
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